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ABSTRACT: The three-dimensional structure of a 42-residue fragment containing the N-terminal EGF-like
module of blood coagulation factor X was determined by means of 2D NMR spectroscopy and computer
simulation. The spectroscopic data consisted of 370 NOE distances and 27 dihedral angle constraints. These
were used to generate peptide conformations by molecular dynamics simulation. The simulations used a
novel functional form for the constraint potentials and were performed with two time steps to ensure rapid
execution. Apart from preliminary runs to aid assignment of NOEs, 60 runs resulted in 13 accepted structures,
which have two antiparallel 3 sheets, no « helices, and five tight turns. There is no hydrophobic cluster.

The root mean square deviation for the backbone of the 13 conformations is 0.65 £ 0.11

against their

mean conformation. About half of the side chains have well-defined structure. The overall conformation

is similar to that of murine EGF.

A large number of proteins have been found to contain
modules homologous to the epidermal growth factor (EGF).!
Among these proteins are membrane proteins, plasma proteins,
and extracellular matrix proteins [for reviews, see Appella et
al. (1988), Engel (1989), Carpenter et al. (1990), and Stenflo
(1991)]. Some of the proteins contain single EGF-like mod-
ules, such as the complement proteins Clr and Cls, whereas
other proteins contain multiple modules of this type, often
arranged in tandem, e.g., the EGF precursor, thrombomodulin,
the transforming growth factor 8-binding protein, and the
protein encoded by the Notch locus in Drosophila melano-
gaster. The archetype of the EGF-like module, the epidermal
growth factor itself, is a 53 amino acid polypeptide with six
cysteine residues linked by intrachain disulfide bonds in the
typical pattern 1-3, 2-4, and 5-6. Sequence similarity between
different EGF-like modules is often limited. Certain EGF-like
modules, such as those in thrombomodulin and urokinase, have
been demonstrated to participate in protein—protein interac-
tions, but the function of most of these modules is unknown.

All vitamin K-dependent plasma proteins except pro-
thrombin contain EGF-like modules, i.e., factors VII, IX, and
X, protein C, and protein Z, which contain two modules each,
and protein S, which contains four (Furie & Furie, 1988). The
N-terminal modules (except in human factor VII) contain a
hydroxylated aspartic acid residue, erythro-8-hydroxyaspartic
acid (Hya) (Drakenberg et al., 1983; McMullen et al., 1983).
In protein S the three C-terminal modules contain erythro-
B-hydroxyasparagine (Hyn) (Stenflo et al., 1987). The post-
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ribosomally modified amino acids are formed by enzymatic
hydroxylation of aspartic acid and asparagine, respectively.
EGF-like modules that contain Hya or Hyn also tend to have
two or more negatively charged amino acids N-terminal to the
first Cys, i.e., Asp-Gly-Asp-Gln-(Cys)! corresponding to
residues 46~50 in factor X or Asp-Ile-Asp-Glu-(Cys)! in
protein S.

Recently, it was demonstrated that the N-terminal EGF-like
modules in factor X (Persson et al.,, 1989), factor IX
(Handford et al., 1990), and protein C (Ohlin et al., 1988)
each contain one Ca?*-binding site with moderate affinity (K
= 20-200 M) whereas the Hya/Hyn-containing EGF-like
modules in protein S have very high affinity Ca?*-binding sites
(K4~ 107 M; Dahlbick et al., 1990). These metal ion binding
sites must be saturated for the proteins to be biologically active.
Calcium binding to EGF-like modules in Drosophila Notch
(Fehon et al., 1990) seems to be crucial for protein—protein
interaction. Sequence similarities suggest that calcium is
bound with relatively high affinity to EGF-like modules in
several other proteins such as thrombomodulin and the Dro-
sophila Notch protein (Dahlbick et al., 1990; Stenflo, 1991).

Much effort has been put into the determination of solution
structures for EGF and the transforming growth factor a
(TGF ) by means of 2D NMR techniques. The structures
of murine EGF (mEGF) (Montelione et al., 1987, 1992) and
human EGF (Cooke et al., 1987) were solved independently,
the latter of which is currently being refined (Cooke et al.,
1990; Campbell et al., 1990). The three-dimensional structure
of TGF « has been studied by several groups (Kohda et al.,
1989; Kline et al., 1990; Campbell et al., 1990) and shows
extensive similarity to EGF, which is reasonable in view of
sequence and functional similarities (Todaro et al., 1980).
Neither EGF nor TGF « binds calcium or contains Hya/Hyn.

! Abbreviations: NMR, nuclear magnetic resonance; 2D, two di-
mensional; NOE, nuclear Overhauser enhancement; NOESY, nuclear
Overhauser enhancement spectroscopy; SF, simulated folding; EGF,
epidermal growth factor; mEGF, murine EGF; fX-EGFy, residues 45-86
of the light chain in blood coagulation factor X; TGF, transforming
growth factor; rms, root mean square; rmsd, root mean square deviation.
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In order to elucidate structure—function relationships in
calcium-binding EGF-like modules in the vitamin K-dependent
coagulation factors, we previously made a complete 'H NMR
assignment and determined the secondary structure of the
calcium-free form of the N-terminal EGF-like module in
bovine factor X (fX-EGFy) (Selander et al., 1990). In spite
of low sequence identity to EGF, the secondary structure of
this module is similar to those of EGF and TGF «, except for
the lack of a triple-stranded § sheet linking the N-terminal
residues to the major 8 sheet. Similar results have been ob-
tained for the calcium-free form of human factor IX (Baron
et al., 1992).

In this paper we present the three-dimensional structure of
the calcium-free form of fX-EGFy as determined by high-
resolution 2D NMR (Wiithrich, 1986; Bax, 1989) and a new
simulation approach, which we will refer to as simulated
folding (SF). The structure of the calcium-loaded form, where
we have located the calcium-binding site, is presented elsewhere
(Selander et al., 1992).

METHODS
Sample Preparation. The peptide fX-EGFy, containing

residues 45-86 from the light chain of the intact protein, was .

isolated from enzymatic digests of factor X as described
previously (Persson et al., 1989). The NMR samples were
prepared according to Selander et al. (1990) to a concentration
of 3.5 mM and a pH of 5.8. All NMR experiments were
performed using the same sample.

NMR Measurements. Two series of NOESY experiments
(Bax, 1985) were performed with mixing times of 40, 80, 130,
and 200 ms in H,O and 20, 50, 100, and 200 ms in D,0. For
each series, the 2D NMR experiments were performed one
after the other without removing the sample in order to avoid
differences in experimental parameters such as shimming,
tuning, and water suppression. All spectra were collected on
a General Electric Omega 500 spectrometer working at 500.13
MHz. The probe was thermostated to a temperature of 28
°C. A total of 96 scans were acquired per spectrum, and in
each 2D experiment 512 spectra with 2048 complex points
were collected. The raw data sets were multiplied by a 50°
phase-shifted squared sine-bell window function in both di-
mensions., Zero-filling in the evolution dimension provided
final 2D spectra of 1024 X 2048 complex points.

Evaluation of Distance Constraints. In the spectra with
the shortest mixing time, i.e., the 40-ms (H,O) and 20-ms
(D,0) spectra, peak integrals were determined from contours,
where each contour represented a power of 2 in intensity. In
these spectra, the NOE buildup was assumed to be linear due
to the short mixing time (Kline et al., 1988), and thus proton
distances were calculated by using the 1/r° distance depen-
dence for the nuclear Overhauser effect in rigid molecules. The
distances were calibrated versus distances in known secondary
structure (Selander et al., 1990) such as NH-NH and H,-H,,
distances across the 8 sheet for the H,O and D,O spectra,
respectively (Williamson et al., 1985). This procedure gave
upper bound distance constraints of 2.2, 2.3, 2.5, and 2.8 A
(corresponding to peak heights of 4, 3, 2, and 1 contours) for
the 20-ms D,O spectrum and 2.2, 2.5, 2.8, 3.1, and 3.5 A (5,
4, 3,2, and 1 contours) for the 40~-ms H,O spectrum. For
spectra with longer mixing time, cross-peaks were categorized
solely according to the mixing time at which they first appear,
regardless of the actual cross-peak volumes. The constraints
were obtained from the assumption of linear buildup for these
peaks when appearing, leading to upper bound constraints of
3.9, 4.2, and 4.5 A for the H,0 spectra and 3.3, 3.7, and 4.5
A for the D,O spectra. These distances were found to correlate
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well with longer known distances in secondary structure ele-
ments, for example, with the fact that most NH-NH proton
distances in the 8 sheet were not observed even at 200 ms. All
upper bound distance constraints include an error margin of
+0.2 A. For NOE:s involving groups not stereospecifically
assigned, a further correction was added to the upper limit of
the constraint. This correction was 0.9 A for methylene
groups, 1.0 A for methyl groups, 1.2 A for intraresidue con-
straints to aromatic & or e protons, 2.0 A for interresidue
distances to aromatic § or ¢ protons, and 2.3 A for isopropyl
groups of valines and leucines. This is similar to the pseu-
doatom treatment of Kline et al. (1988).

Dihedral Angle Constraints. Constraints for the backbone
dihedral angle, ®, were obtained by measuring the Jyy-
coupling constants in a COSY spectrum with a resolution of
1024 X 4096 complex points. J,z coupling constants were
obtained in a similar manner from a COSY experiment, but
using a D,O solution. For resonances close to the water
resonance, coupling constants were estimated from a NOESY
spectrum of the same resolution. Two kinds of constraints were
obtained: Jyu-, > 8 Hz corresponds to —160° < & < ~-80°
and Jyp_, < 6 Hz corresponds to —80° < & < —40°, as derived
from the Karplus equation. In the latter case, all other possible
solutions to the Karplus equation correspond to disallowed
regions in the Ramachandran diagram and were ruled out.
The method of Wagner et al. (1987) was used to obtain ste-
reospecific assignments and dihedral angle constraints for the
side-chain dihedral angle x!. Only clear-cut cases can be
distinguished in this manner, that is, when one of the J,4
coupling constants is greater than 10 Hz or both are smaller
than § Hz.

Computational Procedure. The tertiary structure was gen-
erated by means of simulated folding (SF). SF is based on
the same principles as restrained molecular dynamics (Kaptein
et al., 1985; Clore et al., 1986), but the potential model con-
tains a simplified description of noncovalent interactions. This
makes the method similar to dynamical simulated annealing
(Nilges et al., 1988a), but the calculation is performed at
constant temperature using a different protocol. The New-
tonian equation of motion is integrated at 300 K, using a Gear
predictor—corrector algorithm with two time steps. A smaller
time step of 0.5 fs is used for bond lengths, bond angles, and
distance constraints and a longer one, 1.0 fs, is used for di-
hedral angles, dihedral constraints, and nonbonded repulsions.
We note explicitly that as the potential model is a pseudo-
potential, the time is only pseudotime; likewise the temperature,
300 K, must be regarded as a pseudotemperature. The bounds
on interproton distances and dihedral angles derived from the
NMR spectra, as well as the bounds on inter-sulfur distances,
are referred to as constraints. However, since they are included
as terms in the pseudopotential and may be violated, they are
not constraints in a mathematical sense.

A common procedure is to generate initial structures with
a metric matrix program such as DISGEO (Havel & Wiithrich,
1984, 1985) or DSPACE (Hare et al., 1986; Nerdal et al., 1988)
and use restrained molecular dynamics or simulated annealing
to optimize these structures (Nerdal et al., 1988; Nilges et al.,
1988b; Scheek et al., 1989; Havel, 1991). Our procedure is
performed entirely in real space starting from random, ex-
tended conformations that subsequently fold under the influ-
ence of the pseudopotential (Clore et al., 1986; Nilges et al.,
1988a).

The SF procedure was realized as an extended version of
the MUMOD program (Teleman & Jonsson, 1987) and executed
on an IBM 3090-600 J computer. The procedure will be
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described in more detail in a separate communication, in-
cluding test cases.

Potential Model. The potential terms for the covalent in-
teractions are harmonic in bond lengths and bond angles and
periodic for the dihedral angles:
b= boznsisAt(’ = r? 2 Bay - )

angles

3
2 X Gl -cosng) (1)
dihedrals n=1
where 7; is the actual length of the covalent bond i, 7, the
corresponding equilibrium length, a; the actual value of the
bond angle j, ; the corresponding equilibrium value, and ¢
the actual value of the dihedral angle k.

The values of the bond length force constants, A4,, are the
same as used previously (Ahlstrém et al., 1987), but the bond
angle force constants, B), are set to a uniform, high value of
2000 kJ-mol~l.rad~2 to enforce chirality. All dihedral angles
are included as in Ahlstrom et al., but the peptide groups are
kept in the trans conformation by setting the constants Cy ,,
Cy.2» and Cy; for the angles C,,~C~N;,—C, 4 to 500, 0, and
0 kJ:mol™!, respectively.

The noncovalent interaction is merely a soft repulsion be-
tween pairs of atoms:

Usei<i = 0, Ty Z Tijmin

D(r x'zj,min -r izj)z’ ri < Fijmin (2)

where r;; is the distance between atoms i and j and 7y, is

chosen so that this potential and the regular Lennard-Jones

potential as used by, e.g., MUMOD intersect at 1 kT. The

disulfide bridges are handled by means of constraints to which

end the ;i for sulfur-sulfur interactions is set to 2.02 A
D is 1.0 kJ-mol-A,

This potential has two major advantages compared to
Lennard-Jones and electrostatic terms, which normally form
the nonbonded interactions in molecular modeling force fields.
First, it saves computer time, partly because the contribution
from one pair is somewhat faster to calculate but mainly
because the total number of pairs is reduced. The soft re-
pulsion potential is short ranged and is zero outside r;;min. A
spherical cutoff radius, 7., as short as 4.5 A can be used,
whereas the Coulombic potential is long ranged and requires
an r, of at least 10 A or approximately 10 times the number
of interaction pairs. Second, the energy needed to superpose
two atoms is not infinite as in a Lennard-Jones potential; rather
it corresponds to about 30 kT depending on 7 ,. This is
sufficient to keep atoms apart in regular situations, i.e., where
constraints are satisfied, but enables atoms to pass through
each other during folding. This possibility reduces the risk
of obtaining conformations trapped in knots.

The topology of the distance constraint potential, see Figure
1, is similar to that used by Nilges et al. (1988a), but the
functional form is different:

U _ E"A (rn - rn,u)2
dsen (rn - rn,u)z + B,

0, P Sr, Sy

nl =
En(rn - rn,l)4’ Ty < Tnl (3)

where r,,, and r,, are the upper and lower limits of the distance
constraint # and 7, is the distance between the atoms of the
constraint. 4 and B are constants, 405 A* and 25 A2, re-
spectively. The value of the coefficient, E,, changes during
the simulation (see below). The essential feature of this po-
tential is that since the force is small at large violations of the
upper limit, severely violated constraints have less weight than
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FIGURE 1: Distance constraint potential. ,) and r,, are the boundaries
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Uy, tends toward a plateau value of E,4. Atr =r,, + B, Uy,
=0.5 E,,g For this example activation would occur at r = r,, +
r, =16 A.

1000
kJ/mol
800
600
1000
kd/mol
400
A
200 u

cp"‘-"/
—r—e——7— 1

‘pm.l
T T T
-180 -980 0 90 180
Dihedral angle
FIGURE 2: Dihedral constraint potential. ¢, and ¢, are the
boundaries of the allowed region, in this exampie ~60° and -120°,
The rotation barrier is always 1.0 MJ/mol.

cpm,max
T T

0

constraints in the process of being fulfilled.

The lower limit of a distance constraint is 60% of the upper
limit without pseudoatom correction. If this limit is smaller
than 1.8 A, the lower limit is set to 1.8 A. In the case of
disulfide bridges, constraints are used for the S—S distances
with upper and lower limits of 2.5 and 1.8 A.

The potential for the dihedral constraints resembles the
repulsion potential:

Ushern = Frul(€m = Cmaxm)® = Bn21% @, outside
0, ¢,, inside 4

where ¢,, is the value of the dihedral angle of the constraint
M, @ax,m the angle 180° from the midpoint of the range of
angles allowed by the constraint (inside) or, equivalently, the
midpoint of the disallowed range (outside), and A, the dif-
ference between ¢y, o, and the upper/lower limit of the con-
straint; see Figure 2. All these angles are given values in the
range [-180°, 180°], and the potential is periodic. F,, has the
value 1000/4A,,* kJ-mol™, so that the rotation barrier is 1000
kJ.mol ™.

Protocol. The simulated folding, outlined in Figure 3, is
performed in three phases. In phase 1 the distance constraints
are treated individually. Initially, all distance constraints are
sorted into three classes named active, eligible, and suspended.
The distance constraint force (eq 3) is only evaluated for the
active constraints. Those constraints are made active, for
which the violation r, - r,, is less than a constraint truncation
distance r, chosen to be 10 A. A few constraints are set aside
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Table I: Initial and Final Constraint Sets”

intraresidual sequential medium® long® total ® x!
initial set 133 113 32 82 360 15 0
final set 124 119 42 85 370 15 12

2The constraints are divided into intraresidual, sequential, medium-range, and long-range constraints. The improvement in between is due to
further work with the NMR spectra and to feedback from the calculated structures leading to further assignments. A number of NOEs were
discarded because of suspected spin diffusion. ®Medium range means | < |i - j| < 5, where i and j are the residue numbers. °Long range means |

- Jj| > 5, where i and j are the residue numbers.

as suspended (see below). Every 40 fs all eligible constraints
are checked, and those satisfying the above criterion are made
active. Once a constraint is active, it is never deactivated.
When a constraint is activated, its coefficient E,, is set to 0.2
kJ-mol™-A~ and then increased gradually over 1.0 ps through
multiplication by 10%! every 40 fs. The final value is E, =
63.3 kJomol™':A, and in other words, E, ~ 0.2 X 10*5 kJ.
mol:A~, 0 < ¢ < 1.0 ps. In this way constraints for pairs
closer in the amino acid sequence are, in a majority of cases,
used earlier than constraints for pairs more distant in sequence.
This technique of including constraints successively and of
increasing coefficients individually, rather than increasing one
global coefficient, makes for gentler folding. It is in fact gentle
enough to avoid inversions and thus eliminates the need for
a chirality potential as sometimes used in simulated annealing
work (Nilges et al., 1988a). Their chirality potential is realized
as a so-called improper dihedral.

Occasionally, a few eligible constraints will remain inactive,
i.e., outside the r, limit, indefinitely. Therefore, if no con-
straints have been included during a time period of 1.0 ps, all
those eligible constraints are activated whose violations are
within 0.5 A of the smallest violation of an eligible constraint.

Constraints between atoms very close in space but far apart
in sequence may, if they happen to be included early in the
folding, give rise to tightly folded intermediates that impede
rearrangement to account for constraints included later. To
circumvent this, constraints with an upper limit of less than
3.0 A between atoms separated by at least five residues along
the chain are put aside in a special group, the suspended group.
Only when all other constraints have been activated, i.e., when
the eligible group is empty, are all suspended constraints made
eligible. Once a constraint has been made eligible, it is never
resuspended. In the case of fX-EGF)y seven constraints were
suspended [the three disulfide (S-S) constraints, Hg, Gln 49
< H;, Tyr 68, H, Cys 61 < H, Cys 70, H, Phe 76 <= H,,
Ser 84, and H;, Phe 76 <= H,, Ser 84]. This exception to the
general procedure is added in a somewhat arbitrary manner.
It is by no means necessary but, in some runs, leads to better
structures with respect to distance constraint energy.

Phase 2 begins 1.0 ps after inclusion of the last distance
constraint. During this phase, which lasts 2.4 ps, the force
coefficients are simultaneously increased to 470.8 kJ-mol A~
by multiplication with 1.034 every 40 fs. The value 470.8
kJ-mol 1A~ is chosen as large as possible without making the
calculation unstable. If the force coefficients are raised much
above 500 kJ-mol~-A~, the weight of the other potential terms
becomes too small to keep the structure physically meaningful
and it starts to fluctuate due to integration inaccuracy. Phase
2 is essentially a brute force minimization of the distance
constraint violations, but the success is largely dependent on
the result of phase 1. The optimum result of phase 1 seems
to be a loosely but on the whole correctly folded structure.
Finally, phase 2 is followed by phase 3, during which all force
coefficients are kept constant. Phase 3 lasts until the total time
is 12 ps. These times are again chosen fairly arbitrarily but
are generally more than sufficient to achieve a static con-
formation.

[ Random extended structurej

T

Sort constraints into
active, eligible and suspended

Phase 1

Increase individual En:s
exponentially until limit reached

Integrate for 40 fs.

Constraints activated
during the last 1.0 ps?

Eligible constraints still
remain?

Activate eligible constraints
within viclation cutoff.

A

»| Activate some eligible
constraints

Suspended
constraints remain?

| Make all suspended
constraints eligible

Phase 2
Integrate for 40 fs. Increase all En:s slowly
Has phase 2
lasted 2.4 ps?
Yes

integrate until total
time is 12.0 ps.

FIGURE 3: Overview of the simulated folding protocol.

For fX-EGF)y, a typical run requires about 20 cpu min on
an IBM 3090-600 J computer, and thus 60 runs are completed
in 20 cpu h.

Initial Conformations. Each SF run was started from a
different random conformation. Such conformations were
generated by randomizing the  and ¥ backbone dihedrals.
In order to get slightly extended structures, the & and ¥ angles
were randomized within £60° of the 8 sheet values ® = —139°
and ¥ = 135° or within the dihedral constraints where
available. The peptide dihedrals were set trans. All side-chain
dihedral angles were completely randomized regardless of any
dihedral constraints.

RESULTS AND DISCUSSION

The initial set contained 360 constraints. Structural feed-
back from the first SF runs and continued analysis of spectra
resulted in about 20 further constraints. For 14 NOEs which
possibly involved more than one proton pair the ambiguities
were resolved from preliminary structure calculations as only
one candidate was close enough to cause the NOE. About
10 NOEs in the preliminary set were discarded as the intensity
was suspected to be affected by spin diffusion. With the three
disulfide bridges, the final set of distance constraints amounted
to 370 constraints, whereof 85 were long ranged and 42 me-
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dium ranged in terms of sequence; see Table I. All cross-peaks
in the NOESY spectra were assigned, but 16 NOEs could not
be used due to severe overlap. In addition, NOEs were not
used when visibly affected by zero quantum contributions. A
small number of NH-o and NH—-3 NOEs were also discarded,
for which the upper bound was equal to or longer than the
longest distance possible in the bond structure (Wiithrich et
al., 1983).

Stereospecific assignments were obtained by NMR methods
for 8 protons in Gln 49, Cys 55, Leu 56, Cys 70, Cys 72, Phe
76, Cys 81, and Phe 83, for é protons in Asn 57 and Asn 80,
and for the ¢ protons of Gln 49. For all other residues, either
both J,4 coupling constants were between 5 and 10 Hz, overlap
with other resonances occurred, or the 8 proton shifts were
degenerate. We obtained 15 dihedral angle constraints from
the Jyp— coupling constants. Constraints for the x! angle were
obtained for Hya 63, Thr 69, Thr 71, and Lys 79.

The first SF runs did not use any stereospecific constraints
at all. Either prochiral protons and methyl groups were re-
placed by pseudoatoms or, if one proton had NOE distances
to both members of a prochiral pair, the largest upper limit
and the smallest lower limit were used for both constraints.
The stereospecific assignments made by NMR were not
contradicted by the first SF structures. These assignments
were then introduced, thereby removing pseudoatom correc-
tions and extended error margins for all constraints involving
the assigned protons. This led to better structural resolution
in subsequent structures (Kline et al., 1988). Thereafter,
stereospecific assignments, based on the calculations, were
made when all converged structures adopted only one con-
formation for a prochiral proton pair. Such assignments were
made only when they were consistent with all distance con-
straints and coupling constants involving the assigned protons,
and a minimum of three converged structures (usually 6-7)
was required. By use of a cycle of SF — assignments — SF
— etc., stereospecific assignments were obtained for the H,’s
in Gly 59, Gly 75, and Gly 78, the Hy’s of Glu 51, His 60,
Asp 67, Glu 77, Lys 79, and Asn 80, the H,’s of Ile 65 and
of the Leu 56 isopropyl group. The preliminary runs also gave
the orientation of all aromatic rings. For 33 out of the 51
distance constraints involving aromatic ring protons of Tyr 68,
Phe 76, and Phe 83, it was thus possible to assign the NOEs
to a specific side of the corresponding ring using its orientation.
This was done when only one of the § or ¢ protons satisfied
a distance constraint (without the pseudoatom correction) and
the distance to the other proton was at least 2 A longer and
violated the constraint by more than 1 A in all converged
conformations. This procedure minimizes the use of pseu-
doatoms which represent the experimental information more
crudely. The entire feedback assignment procedure provided
tighter constraints for 79 (142 including the stereospecific
assignments obtained by NMR) out of the 370 constraints.

The three disulfide bridges merit separate consideration.
The first runs did not contain the covalent S,—S, bonds, nor
any constraint representing them. The NOEs were never-
theless sufficient to pair the cysteines correctly. In all later
runs, the disulfide bridges were included and only in the form
of constraints. No hydrogen bond constraints were used, since
hydrogen bonds cannot be determined directly from the NMR
spectra.

The structures converge typically within a few picoseconds.
Folding pathways vary, but the central 3 sheet generally forms
first. Structures that have not converged are easily recog-
nizable as such from visual inspection and potential energy
values. For nonconverged structures the constraint energy is

Ullner et al.
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FIGURE 4: Pairwise rms deviations for eight preliminary folding runs,
four of which belong to each family with respect to the position of
Gln 58. The Al1-A4 conformations have the side chain of Gln 58
exposed to the solvent, while in B1-B4 it points into the molecules.
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FIGURE 5: Minimum rms deviation for the backbone (N, C,, and C)

for each residue against the peptide mean structure. The value plotted

is the minimum of those obtained for the eight structures of Figure
4.

larger than for converged structures, but also the noncovalent
repulsion energy is generally larger for nonconverged than for
converged structures. Another convenient screening instrument
is the sum of all constraint violations. A few converged and
nonconverged structures are sufficient to estimate how small
this sum has to be in order to indicate convergence.

Though very useful the energy/violation sum screening is
not entirely sufficient. Sometimes, locally different confor-
mations satisfy these acceptance criteria equally well. This
may represent physically accessible conformations or may be
artificial, perhaps due to lack of experimental information. In
the few cases where this occurred, the conformations were
screened and those were rejected that would entail strong
NOEs not present in the spectra.

At one point in the refinement procedure we obtained two
structural subfamilies. This could be seen from the super-
position of backbone traces, but the following analyses aid the
identification of family differences. Figure 4 shows the
pairwise rms deviation for eight runs, where four runs belong
to each family. Interfamily rmsd’s are clearly larger than all
intrafamily. Also helpful is Figure 5, which shows the rmsd
for each residue against a mean structure but where the rmsd
value is the smallest value obtained for any of the eight
structures of Figure 4. Peaks in this graph show locations
where no individual structure agrees with the mean
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FIGURE 6: Normalized distribution of the constrained distances
calculated from the 13 accepted conformations. Satisfied constraints
are resolved into six equal regions (filled columns) between each upper
and lower limit, r,,, and r,,;. ryog marks the approximate distance
corresponding to the NOESY peak intensity for a stereospecific
constraint. For a constraint containing a pseudoatom the measured
distance lies further to the left. The white columns display the fraction
of distances violating upper limits (right) and lower limits (left). The
largest violation of an upper limit of a distance constraint is 0.09 A,
and the largest violation of a lower limit is 0.7 A.

structure—such locations are probably unphysical in the mean
structure and are likely points of family difference. The major
difference between the two families is that the side chain of
Gln 58 points out into solution in one but is situated in the
interior of the peptide in the other. The further refinement
of the NOE set resolved this ambiguity so that the solvent-
exposed position of Gln 58 is the overwhelmingly more likely.
The problem with Gln 58 was detected by calculating the NOE
resonances a calculated structure would cause, and in this case
we found that the buried position of Gln 58 would lead to
NOE:s not observed in the spectra. This is a primitive so-called
back-calculation, which is strictly indispensable for validation
of calculated structures.

From the 60 final runs 13 structures with violation sums
in the range 0.8-1.6 A were accepted. The remaining struc-
tures had violation sums in the range 1.8-7.2 A. Figure 6
shows the distribution of the 370 constrained distances within
the constraint intervals and the fraction of distances violating
upper or lower limits, averaged over the 13 structures. The
distribution shows a clustering at the upper limit. This is
expected since the error margin of a stereospecific constraint
is about 8% of the NOE distance for the upper limit and about
35% for the lower limit. The largest violation, in any of the
13 structures, of an upper limit of a distance constraint is 0.09
A, and the largest violation of a lower limit is 0.7 A.

Only a few NOEs connect residues 45-48 and 85-86 with
the rest of the molecule. These residues thus show considerable
spread in position. In the following the root mean square
deviation at optimal rigid body superposition (rmsd) will be
based on residues 49-84. The average rms deviation for the
78 pairs that can be combined from the 13 accepted confor-
mations is 0.95 + 0.18 A for the backbone atoms (N, C,, C)
and 1.74 £ 0.21 A for all atoms. When the rmsd is calculated
against the mean conformation of the 13, the average rmsd
is0.65 + 0.11 A (backbone) and 1.19 +0.11 A (all atoms).
Our value of 0.65 A can be compared to the corresponding
rmsd for murine EGF (mEGF), which is 0.81 £ 0.16 A,
indicating that fX-EGFy and mEGF are equally well-defined
structures. The value for mEGF was calculated in our labo-
ratory from the backbone of residues 2-45 for 16 energy-re-
fined conformations provided by Montelione et al. (1992).
Figure 7 shows the correlation between number of NOEs per
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FIGURE 7: Number of NOEs and rms deviation for the backbone (N,
C,, and C) for each residue. The horizontal axis shows the residue
number, the left-hand vertical axis the number of NOEs (diamonds),
and the right-hand one the rms deviation in angstroms (curve).

FIGURE 8: Secondary structure of fX-EGFy. Turns are indicated
by heavy lines connecting sequential residues. £ strands are indicated
by arrows and disulfide bridges by dashed lines.

residue and spread in position. We note increased confor-
mational freedom for the N-terminal and to a lesser extent
for the C-terminal and the loop 64-67.

Conservation of Backbone Dihedral Angles. The accepted
structures extensively agree with respect to backbone ¢ and
¥ angles. Terminal residues 45-48 and 85-86 show some
spread, probably due to physical mobility (see below). The
peptide group between Glu 51 and Gly 52 is rotated in some
of the structures. There is also a certain backbone flexibility
for residues 6567 in the turn at the tip of the central 3 sheet.
For these residues, we cannot distinguish whether the spread
in conformation is due to multiple physical conformations or
merely to insufficient experimental data for identification of
the true structure. None of these instances of uncertainty
affect the overall conformation.

Structure of fX-EGFy. Figure 8 shows the secondary
structure of fX-EGF,, whereas several tertiary representations
are given in Figure 9. All elements of secondary structure
are generally consistent with our earlier observations (Selander
et al., 1990). Residues 59-63 and 68-72 form an antiparallel
8 sheet with a right-handed twist. The backbone dihedral
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FIGURE 9: (a, top) Stereo backbone traces for the 13 accepted conformations. (b, bottom) Stereoview of the backbone trace based on the
« carbon positions. Color coding is according to the number of NOEs involving each residue. The color classes are given in the bar to the
right and indicate, from blue to red, 04, 5-9, 10-12, 13-14, 15-17, 18-23, 24-40, and 41-= NOEs. The picture is realized using the wiNsOoM
software for drawing solid object combined with home-written code and shown on an IBM 5080.

angles are consistent with the type of twisted sheet described
by Chothia (1983), but the statistics are not sufficient for
positive identification. There is no evidence of N-terminal
residues forming a third strand attached to this 8 sheet as has
been observed in murine EGF (Montelione et al., 1987, 1992)
and human EGF (Cooke et al., 1987). On the contrary, the
position of residues 45—48 is undefined, due to lack of NOEs.

We previously observed narrow line widths for these residues
and that their amide protons are in fast exchange (Selander
et al., 1990). We therefore attribute the conformational spread
of the four N-terminal residues to physical mobility.

There are three turns in the N-terminal part of the peptide.
Residues 5053 constitute a type I § turn and residues 56—59
form a type I’ 8 turn. Residues 64-67 form a tight turn
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FIGURE 10: Stereo backbone traces for 10 converged and energy-minimized conformations of mEGF provided by Montelione et al. (1992).
The triple-stranded 8 sheet is viewed from the side with the N-terminal strand hidden behind the upper part of the major 8 sheet.

connecting the two strands of the central 8 sheet. This turn
adopts different conformations and cannot be defined as one
of the known types. In some of the SF runs residues 48-51
form a type I 8 turn. We deem this turn to be an artifact for
the following reasons. First, the turn would result in NOEs
between H, Asp 48 <= NH Cys 50, H, Asp 48 <~ NH Glu
51, H, Asp 48 <> Hy, Glu 51, and H, Asp 48 < Hg, Glu 51,
NOEs which would fall in uncrowded regions of the spectra
but are not observed. Second, it does not appear in all 13
conformations, and third, it is not tight enough to generate
the appropriate hydrogen bonds—hydrogen bonds which would
be in conflict with the fast exchange of NH in Glu 51.

In the C-terminal part there is an antiparallel 8 sheet formed
by residues 76~77 and 83-84, though the conformation of Ser
84 is rather distorted. Residues 73-76 form a type II 8 turn
and residues 78-81 form a type I 8 turn. The backbone is
kinked at Cys 81 to facilitate the disulfide bridge to Cys 72,
and Glu 82 adopts an a-helical conformation, which returns
the backbone to the C-terminal 8 sheet.

In the N-terminal part, human EGF contains three aromatic
residues and murine and rat EGF as well as human and rat
TGF « contain four, and these peptides feature a mainly
aromatic hydrophobic cluster in the N-terminal part. fX-
EGFy contains only one aromatic residue, Tyr 68, in its
N-terminal part, and no hydrophobic cluster is observed.

We earlier characterized the contacts between residues
55-56 and 80-82 as a short parallel § sheet. Also, in the
simulated structures, a strong hydrogen bond connects NH
in Leu 56 with O in Asn 80, as suggested from the secondary
structure analysis. However, backbone dihedral angles indicate
a f sheet conformation only for Leu 56. The hydrogen bond
is rather part of a more complex interregion organization as
described below.

Hydrogen Bonds. Table II lists the hydrogen bonds as
present in the 13 accepted structures. It is difficult to for-
mulate a criterion for hydrogen bonding as there is no con-
tribution in the pseudopotential that tends to form hydrogen
bonds. They are an indirect consequence of the constraint
information and may as such deviate locally from ideal hy-

Table II: Hydrogen Bonds*

no. of structures in

acceptor proton which present
O Cys 50 NH His 53 7
O Leu 56 NH Gly 59 13
O His 60 NH Thr 71 13
O Lys 62 NH Thr 69 8
O Thr 69 NH Lys 62 13
O Thr 71 NH His 60 13
O Ala 73 NH Phe 76 13
O Glu 77 NH Phe 83 13
O Gly 78 NH Cys 81 11
O Asn 80 NH Leu 56 11
O Phe 83 NH Glu 77 13

¢The 13 accepted structures were scanned for possible hydrogens,
and the table lists those bonds which are present in at least 7 of the 13
structures. The hydrogen bond is considered to exist when the hydro-
gen—acceptor distance is less than 3.0 A and the donor-hydrogen—ac-
ceptor angle is greater than 120°.

drogen bond geometry. In a molecular dynamics simulation
with full electrostatics, hydrogen bonds would have more strict
geometry and could be searched for with stricter criteria.
Here, we have chosen to consider as hydrogen bonds the cases
where the hydrogen—acceptor distance is less than 3.0 A and
the donor-hydrogen—acceptor angle is greater than 120° in
at least 7 of the 13 structures.

Hydrogen bonds tighten several of the turns. One hydrogen
bond connects Cys 50 with His 53 (50-53 = type I § turn),
another connects Leu 56 with Gly 59 (56-59 = type I’ 8 turn),
one connects Ala 73 with Phe 76 (73-76 = type II 8 turn),
and finally one connects Cys 81 with Glu 77 (78-81 = type
I 8 turn). The central 3 sheet is stabilized by hydrogen bonds
between His 60 and Thr 71 (two bonds) and between Lys 62
and Thr 69 (also two bonds). The short C-terminal 8 sheet
is stabilized by hydrogen bonds between Glu 77 and Phe 83
(two bonds). One hydrogen bond connects the N-terminal
(45-72) and C-terminal (73-86) domains of the molecule,
namely, between Leu 56 and Asn 80. All hydrogen atoms
involved in these hydrogen bonds exchange slowly. All amide
protons reported by Selander et al. (1990) to exchange slowly
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or intermediately slowly are involved in hydrogen bonding as
listed in Table II, except NH in Gly 64 and Glu 82. Gly 64
is in the beginning of the turn connecting the two strands of
the central 8 sheet, and the amide proton is sterically protected.
The NH in Glu 82 is completely covered by the side chains
of the 78-81 loop and by the side chains of Leu 56 and Asn
57. This proton is therefore also hidden. Analysis of the
accessible surface area using the method of Linse et al. (1990)
shows that all amide protons with retarded dynamics are
completely hidden from the water.

Organization of Regions. For mEGF and hEGF a subdi-
vision into an N-terminal and a C-terminal subdomain cor-
responding to residues 45-72 and 73-86 in fX-EGFy has been
proposed (Montelione et al., 1987; Cooke, 1987). In fX-EGFy
several NOEs and a hydrogen bond connect these subdomains.
Cys 72, which is just part of the central 3 sheet, is connected
to Ala 73, Phe 76, Glu 77, and Cys 81 by NOEs. Other
interregion NOE pairs are Cys 55 <> Asn 80, Leu 56 <> Asn
80, Leu 56 <> Glu 82, Asn 57 <> Phe 76, Asn 57 <> Glu 82,
and Gly 59 < Ala 73. With a distance criterion of 3 A for
considering a residue part of the domain interface, residues
54~-59, 68, and 70-72 constitute one side of the contact area,
while residues 73, 76, 77, and 79-82 make up the other. Thus,
a subdivision into two regions appears unmotivated for fX-
EGFy.

The side chains generally enjoy a certain conformational
freedom, and this particularly applies to residues in the termini
(45-48 and 85-86). In addition to glycines and cysteines,
residues 54-57 have well-defined side chains, as found by visual
inspection. Also, most side chains (68-73, 7678, 80-83) in
or close to 3 strands are well-defined, while Ile 65, in the turn
joining the two strands of the central 3 sheet, features a large
conformational spread. Phe 83 is unusual in that its side chain
adopts two conformations which are about equally populated.

Comparison to Murine EGF. We have compared the
structure of fX-EGFy to that of mEGF using coordinates
made available to us by Montelione et al. (1992). The general
organization of mEGF (Figure 10) and fX-EGFy is similar.
The C-terminus of mEGF is longer and more flexible than its
counterpart in {X-EGFy. In fX-EGF)y the first two cysteines
are Cys 50 and Cys 55 with but four residues in between. In
mEGF this loop contains seven residues and is more flexible.
The central 8 sheet has no third strand in fX-EGFy. This 8
sheet has a right-handed twist in both peptides. While it is
coiled in mEGF and each of the two strands is one residue
longer, it is more or less straight in fX-EGFy.
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Surface Binding Kinetics of Prothrombin Fragment 1 on Planar Membranes
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ABSTRACT: Total internal reflection fluorescence microscopy (TIRFM) has been employed to investigate
the Ca?*-dependent membrane-binding characteristics of fluorescein-labeled bovine prothrombin fragment
1 (F-BF1). Light scattering measurements demonstrated that F-BF1 bound to small unilamellar phos-
phatidylserine /phosphatidylcholine (25/75, mol/mol) vesicles with an apparent dissociation constant (1.5
£ 0.2 uM) similar to that of unlabeled protein (1.1 £ 0.1 uM). Negatively charged supported planar
membranes were constructed by fusing small unilamellar vesicles at quartz surfaces. TIRFM measurements
under equilibrium conditions showed that F-BF1 bound to planar membranes with an apparent dissociation
constant (0.9 = 0.2 uM) approximately equal to that on vesicles. Total internal reflection/fluorescence
photobleaching recovery (TIR/FPR) curves for F-BF1 on 25 mol % PS planar surfaces were diffusion-
influenced at F-BF1 solution concentrations <5 uM. Fluorescence recovery rates from samples of high
F-BF1 concentrations were slowed by increasing the solution viscosity with glycerol, thus providing further
support for a diffusion-limited effect at low F-BF1 concentrations. Analysis of the reaction-limited
fluorescence recovery curves at F-BF1 solution concentrations 210 uM gave average association and dis-
sociation kinetic rates of ~10° M™! s7! and =~0.1 57!, respectively. Kinetic association rates increased
significantly with increasing PS, whereas kinetic dissociation rates increased only slightly. Fluorescence

recovery curves were nonmonoexponential; possible mechanisms for this behavior are described.

Upon vascular damage, the intrinsic and extrinsic pathways
of the blood coagulation cascade converge into a common set
of reactions to produce an assembled prothrombinase complex
(Jackson & Nemerson, 1980; Mann et al., 1988). A central
process in the formation of a fibrin clot is the surface-de-
pendent catalytic conversion of the zymogen, prothrombin, to
the active serine protease, thrombin, by prothrombinase (Mann
et al., 1990). This enzyme complex is composed of factor X,
a serine protease, factor V,, a protein cofactor, and Ca?*
assembled on membrane surfaces containing negatively
charged phospholipids, such as endothelial cell walls, blood
platelets, monocytes, and lymphocytes. Even though thrombin
production can occur at slow rates in solution, the localization
of prothrombin and the prothrombinase proteins on a mem-
brane surface is required for physiologically relevant activity
(Mann et al., 1990). It has been suggested that exposure of

tThis work was supported by National Science Foundation Grant
DCB-8552986 (N.L.T.), a Teacher-Scholar Award from the Camille and
Henry Dreyfus Foundation (N.L.T.), and National Institute of Health
Grant HL-20161 (R.G.H.).
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negatively charged phospholipids in certain cell types is an
event critical in providing a macroscopic surface for the as-
sembly of many blood coagulation proteins. In resting-state
platelets, for example, acidic lipids are primarily localized to
the inner leaflet. Prothrombin-converting activity by stimu-
lated platelets is greatly enhanced as accompanied by exposure
of a procoagulant surface consisting of approximately 25 mol
% phosphatidylserine to the membrane exterior (Bevers et al.,
1982; Rosing et al., 1985).

To sustain membrane-binding capabilities, several of the
factors involved in initiation and regulation of the blood clotting
cascade, such as prothrombin, require a vitamin K-dependent
posttranslational modification in which glutamic acid is con-
verted to y-carboxyglutamic acid (Gla). Each of the vitamin
K-dependent proteins has a highly homologous amino-terminal
domain containing 9-12 +-carboxyglutamic acid residues
(Furie & Furie, 1988). It is presently accepted, in the case
of prothrombin, that membrane binding is in part due to
electrostatic interactions. One model suggests that Ca?*
bridges negatively charged Gla residues to acidic phospholipids,
resulting in a reversible, nonpenetrating prothrombin—-mem-
brane association. Prothrombin fragment 1, the amino-ter-
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